angular effects on the spectral reflectance of waters with variable amounts of total suspended solids," J. Appl. Remote Sens. 13(2), 024524 (2019), doi: 10.1117/1.JRS.13.024524. Abstract. Viewing geometry is one of the most important factors to consider when water bodies are observed from satellite sensors with large field of view. We examine the directional and angular effects on the reflectance of waters with different concentrations of total suspended solids (TSSs). In the laboratory, we measure the reflectance in five view zenith angles (VZAs) and eight view azimuth angles (VAAs) for optically shallow waters having four concentrations of TSSs. Seven empirical models to estimate TSSs based only on the reflectance of the red band (∼660 nm) are evaluated. In addition, we analyze Moderate Resolution Imaging Spectroradiometer (MODIS)/Terra reflectance measured in 13 consecutive satellite overpasses. The results show that the reflectance of the inland-like water is affected by data acquisition geometry. The best wavelength to estimate TSS is 625 nm for most VZAs and VAAs. The lowest correlations between reflectance and TSS are observed at extreme viewing with the anisotropy decreasing with increasing concentrations of TSSs. Directional and angular effects are also observed for MODIS (acquired and simulated data) with TSS underestimates observed close to the orthogonal plane for all VZAs, and TSS overestimates observed in the principal scattering plane in the forward scattering direction. More anisotropic waters are observed for VZA greater than AE30 deg. Results highlight the need for correcting MODIS data for bidirectional effects in inland water studies.
Introduction
Optical remote sensing has been widely used to characterize the quality and dynamics of inland waters in different regions of the world. [1] [2] [3] [4] [5] [6] Depending on the size of the water bodies, large fieldof-view (FOV) sensors, such as the Moderate Resolution Imaging Spectroradiometer (MODIS), provide the necessary data to evaluate changes in optically significant constituents (OSCs) over time through the increase in the revisit time of the scene. 7, 8 On the other hand, the monitoring of small water bodies requires the use of better spatial resolution instruments than MODIS, such as the Multispectral Instrument/Sentinel-2 and Operational Land Imager/Landsat-8.
For sensors with spatial resolution better than 10 m, the frequency of image acquisition can be improved using satellite constellations (e.g., RapidEye) and the pointing capability of their multispectral sensors. Thus, in both cases (MODIS or RapidEye), the data are generally acquired with different view zenith angles (VZAs), view directions (backscattering and forward scattering) and solar zenith angles (SZAs). SZAs may change seasonally at middle latitudes with differences over time >20 deg. Therefore, in time series analysis of off-nadir data acquired over waters, it is important to consider the influence of view-illumination geometry on the seasonal behavior of OSCs and on their estimates from analytical, semi-analytical, and empirical modeling. [9] [10] [11] Despite the potential effects of view-illumination geometry on the spectral reflectance of waters and the correction alternatives, 12 little attention has been given to the directional and angular effects on OSC estimates for inland waters and satellite-based estimates. [12] [13] [14] Apparent optical properties of natural waters depend both on the medium and on the directional (geometric) structure of the radiance distribution. They display sufficient regular features and stability to be useful descriptors of a water body. 15 Even knowing that reflectance is measured in the conical or hemispherical domain, 16 the bidirectional reflectance 4,16-18 presents a dependence on the view-illumination geometry and OSCs. Only the volume reflection carries information on the water quality. In addition, the surface-and bottom (background)-reflected radiation needs to be removed from the upwelling radiance. 19 Among the studied OSCs in inland waters, the total suspended solids (TSS) can be a proxy to evaluate the whole ecosystem conditions. 6, 20, 21 TSS estimates are important to understand the process of sediment transportation from terrestrial to aquatic ecosystems, including erosion and deposition. 20, [22] [23] [24] Depending on the land use/land cover changes and rainfall rates, soil erosion can rapidly change the aquatic environment. The transportation of sediments into the reservoirs reduces their useful life and efficiency, affecting the biological communities. 25 Intensive fieldwork and subsequent laboratory analysis are used for precise measurements of TSSs, but this approach is spatially limited and time-consuming. An alternative is to use these measurements in conjunction with satellite images to develop empirical models, or inversion of radiative transfer models, to estimate the TSSs on a per-pixel basis, covering much larger areas. 26 Several empirical relationships between field/laboratory TSS measurements and reflectance have been proposed. 3, 6, 21, 27, 28 Such relationships are generally based on the use of reflectance of a single band, spectral indices, and band ratio with multiple regression models. Using singleband approaches, TSS can be overestimated or underestimated if the input pixel reflectance is affected by view-illumination geometry when large FOV sensors or instruments with pointing capability are used in the data analysis. 29 However, the effects of the geometry of data acquisition on the empirical modeling of TSSs are still poorly understood. Conversely, radiative transfer models, 30, 31 such as hydrolight [31] [32] [33] can address this problem by simulating the spectral radiance distribution as a function of the view direction, water depth, and wavelength. 11, 31 On the other hand, such models usually require several parameters and highly qualified users, which makes empirical models an attractive alternative to study such effects on TSS determination.
In this study, we performed a laboratory experiment to evaluate viewing geometry effects on the spectral reflectance of inland-like waters having different concentrations of TSSs. We investigated such effects on TSS estimates, derived from seven empirical models proposed in the literature by simulating the spectral resolution of MODIS from spectrometer data collected over a water tank. Finally, the spectral reflectance of waters from a reservoir with high concentrations of TSS was inspected for consistency using MODIS data acquired over consecutive overpasses with different viewing geometries.
Materials and Methods

Experiment Design and Measurements
The design of this viewing geometry study for spectral measurements of waters under different TSS concentrations comprised 99 different combinations of data acquisition parameters (Fig. 1) . We evaluated differences in spectral reflectance as a function of viewing geometry [five VZAs and eight view azimuth angles (VAAs)] and TSS concentrations [ Fig. 1(a) ]. This analysis was based on data acquired on the principal plane (azimuth zero) and with VAA of 0 deg, 45 Fig. 1(a) to illustrate the backscattering and forward scattering directions. Photographs of the water tank with different TSS concentrations were taken as ancillary data [ Fig. 1(d) ].
The outdoor experiment to better represent diffuse skylight was performed in August 27, 2015, close to the noon and in a minor time interval. The objective was to reduce SZA variations and to better observe the anisotropy of the waters with different TSS concentrations in the tank. The SZA is one of the main drivers of surface reflection. 19 The Sun was used as the source of illumination to obtain spectral measurements. As indicated in Fig. 2 , the variation in SZA between the beginning and end of the measurements was 5.98 deg. In the beginning of the experiment, the VAA was adjusted to zero (principal plane) and shifted by 45-deg steps.
The experiment was carried out in the South Regional Centre (CRS) of the Brazilian National Institute for Space Research (INPE) in the Santa Maria municipality (S 29°41'47"/W 53°4 3'33"). A black-painted water tank of 310 l was used. Four concentrations of TSS were simulated: clear water without TSS; low (<5.00 mg∕L), intermediate (5.00 to 30.00 mg∕L), and high (>30.00 mg∕L) TSS concentrations. Just after each predissolved TSS addition, the water tank was mixed during 1 min to avoid settling. It is important to note that sand fraction settles quite quickly rather than clay and silt. However, larger sand particles tend to contribute relatively little to the measured light scattering than the much more numerous clay and silt particles. The sediment used in the experiment was composed of 48% of clay, 30% of silt, and 22% of sand. It is similar in composition to Rhodic Acrustox (Latossolo Vermelho in the Brazilian system of soil classification), a common soil type in southeastern Brazil. After adding the solids into the tank, we determined precisely the TSS using 600 mL of water and preweighted cellulose filters of 45 μm of porosity and 47 mm of diameter. The TSS was measured by the difference between the initial and final weights of the filters, as a function of the water volume filtered in milligram/liter. The TSS was calculated by subtracting the postweight from the preweight dry filter for each water sample. The water turbidity was measured using nephelometric turbidity unit (NTU) to validate the TSS measurements and avoid errors (Table 1) . Fig. 1 The experiment design illustrating the (a) simulated view-illumination geometries for eight azimuth angles, (b) data acquisition at 15-deg intervals for VZA ranging from nadir to 60 deg, (c) nadir projected FOV of the handheld spectrometer, and (d) the water tank used in the study. At nadir, the distance from the sensor to water was 30 cm. L refers to the FOV radius and h to the height above water surface.
For reflectance data acquisition (actually hemispherical-conical reflectance factor), the FieldSpec handheld instrument was used. 34 This spectrometer operated in the 400-to 900-nm spectral range at 1-nm interval (resampled). The radiance measurements were calibrated using white Spectralon. 35 The spectrometer was set up to acquire 10 measurements on each view-illumination geometry. To reduce noise, we used the average of these measurements. At extreme viewing, a shift in the instrument was necessary to avoid edge effects of the tank. In the absence of a fore optics accessory to reduce the 25-deg FOV of the spectrometer, which could also affect the quality of the data collected over water, we used the conventional fiber optic cable to measure radiance (25-deg FOV). In practice, this strategy may exaggerate some of the bidirectional reflectance distribution function (BRDF) effects.
Data Analysis
Pearson's correlation coefficients for the relationships between the spectral reflectance and TSS concentration were obtained in the 400-to 900-nm range. For this purpose, we used spectral measurements from the 12 simulations for each view geometry, encompassing the four TSS ranges of concentration.
After identifying the optimal wavelengths and the best geometry of data acquisition to estimate the TSSs, we studied directional and angular effects on the spectral response by normalizing the data to the nadir spectral response. We calculated the anisotropy factor (ANIF) using Eq. (1).
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 1 1 6 ; 1 2 9 ANIF ¼ Reflectance off nadir Reflectance ≈nadir :
In a subsequent analysis, despite the quite different measurement scenarios of MODIS and field spectrometer, we simulated the spectral resolution of the MODIS/Terra instrument using its filter functions. The spectral resampled data were normalized to nadir [Eq. (1)] and plotted as a function of the VZA and VAA. Because MODIS has been widely used to estimate TSSs, 6, 28, 36 such simulated data were used to complement the analysis, avoiding direct comparison across laboratory (centimeters) and orbital (meters) scales. In reality, pixel size ranges with VZA during MODIS data acquisition. Because of the bowtie effect, MODIS ground-projected instantaneous field of view (GIFOV) reaches ∼2.0 times the nadir resolution pixel size in the track direction and 4.8 times in the scan end direction. 37 Therefore, for a nominal pixel of 250 m, the GIFOV can range between 344 and 835 m across track and between 292 and 523 m along track when the VZA ranges from 0 deg (nadir view) to 55 deg. 38, 39 Some studies showed that single-band models are effective to retrieve TSS. [40] [41] [42] To illustrate the impacts of the directional and angular effects on TSS estimates derived from available empirical models, we tested six empirical models (not site calibrated) reported in the literature that used the MODIS red band 1 (620 to 670 nm) ( Table 2 ). The calculations were performed for the different view geometries. In addition, we used a local exponential model proposed to estimate TSSs in subtropical reservoirs from South Brazil ( Table 2 ). This empirical model was created using TSS measured in 12 field campaigns and MODIS MCD43A4 (Nadir BRDF-Adjusted Reflectance 16-Day L3 Global 500 m) data of the red band 1 to compensate for bidirectional effects. [44] [45] [46] [47] Finally, the MODIS surface reflectance of the red band (product MOD09GA Surface Reflectance Daily L2G Global 1 km and 500 m) was used to study the effects of view angle and view direction in the transition from laboratory-to orbital-level of data acquisition. For this purpose, we used 13 images acquired in consecutive days and under different view observations and directions (backscattering and forward scattering) over the Passo Real reservoir, located in South Brazil. The MODIS product was preprocessed using the MRT algorithm, 48 in order to convert the sinusoidal projection to planar UTM coordinates.
Results and Discussion
Viewing Geometry Effects and Total Suspended Solids Concentration
The spectral response of the inland-like water of the tank was affected by view angle and view direction. For instance, when we examined the spectra in four VAAs (0 deg, 45 (Fig. 3) . At 60 deg, the sky reflection should be considered. Such variation was attributed to water Table 2 Seven empirical models proposed in the literature to estimate TSS in different inland waters of the world (reservoir, bays, costal, and ocean) using MODIS data from the red band 1 (x in the equations).
Model Reference fluctuations due to low wind conditions (not measured). This effect was also observed at increasing TSS concentrations, which produced an overall reflectance increase, especially in the red interval (600 to 700 nm) and at VAA of 135 deg. For the highest TSS concentration (60 mg∕L) [ Fig. 3(d) ], the backscattering direction (VAA of 0 deg and 45 deg) presented lower reflectance than that observed in the forward scattering direction (VAA of 90 deg and 135 deg). Several studies to estimate TSSs empirically in inland waters used regression analysis. 6, [26] [27] [28] 36 The red (620 to 670 nm) and near-infrared (NIR) (841 to 876 nm) spectral intervals are generally indicated in the literature as adequate to estimate TSSs. 25, 49 In our study, by linearly correlating the spectral reflectance of the water having four different TSS concentrations, we verified that the highest correlation coefficients were obtained in the red for wavelengths >600 nm, including the transition into the NIR, for most geometries of data acquisition [Figs. 4(a) and 4(b) ]. Despite the good correlations for the NIR reflectance for some geometries, the best wavelength to estimate TSSs was 625 nm for most of the VZAs and VAAs. However, results from Fig. 4(b) indicated that the specular direction (VAA of 180 deg and nearby), which presented low correlation coefficients at extreme viewing, should be avoided to estimate TSSs.
Anisotropy of the Spectral Response of Water at 625 nm
The ANIF at 625 nm (center of the MODIS red band 1), the wavelength that presented the best correlation results in Fig. 4 , indicated a reduction in directional and angular effects with . Although the sediment was properly mixed, the increase in TSS produced a more heterogeneous water surface ("roughness") and a lower water transparency, reducing the effects of the geometry of data acquisition. Higher TSS concentrations increased the diffuse component of the reflected radiation by the water but decreased the specular component derived from the smooth water surface without TSS. In Fig. 5(a) , the great reflectance anisotropy of clear water is indicated by nadir-normalized reflectance values >1 and by asymmetric contour curves. For any geometry of data acquisition, the ANIF decreased to values close to 1 and the contour curves became more symmetric when the TSS reached values up to 60 mg∕L [ Fig. 5(d)] . At large VZAs, the reflectance was higher in the forward scattering direction (specular) than in the backscattering direction. For clear water [ Fig. 5(a) ], directional effects were stronger at VZA higher than 30 deg, especially in the specular direction. At low TSS concentration (4.00 mg∕L), the anisotropy decreased at 30-deg VZA [ Fig. 5(b) ]. Sequentially, by adding more sediments (8.67 mg∕L) into the tank, the water became more isotropic at 45-deg VZA [ Fig. 5(c) ]. In the last case, when the TSS reached 60 mg∕L, even at 60-deg VZA, there was a low dependence of the directional effects [ Fig. 5(d)] . Therefore, the increase in overall reflectance (albedo) produced by greater amounts of TSSs, probably enhanced the geometric effects, while the decrease in specular component of the water reduced the directional influence.
Results depicted in Fig. 6 confirmed the reduction in the directional effects on the reflectance anisotropy (ANIF) at 625 nm with increasing TSS concentrations, as indicated by flat colored surfaces in the lower portion of the figure.
Reflectance Anisotropy and Empirical Estimates of Total Suspended Solids
Directional and angular effects were also observed when we simulated the broadband of the MODIS/Terra instrument (Fig. 7) . For MODIS-simulated data, the greatest differences in the blue region were found for 60-deg and 45- plane (VAA of 90 deg), a lesser degree of variation in spectra shape was observed, except for extreme viewing at 60-deg VZA [ Fig. 7(c) ]. Several empirical relationships between TSS and red band reflectance have been proposed in the literature. 27, 28, 36 Our results demonstrated that the directional and angular effects on TSS estimates by these empirical relationships (Table 2 ) presented great differences with the geometry of data acquisition (Fig. 8) . To facilitate graphic representation, data from 180-deg VAA at 45-deg and 60-deg VZA due to specular effect were removed (Fig. 8) . These estimates were scaled to facilitate visual evaluation of the directional and angular effects. Close to the orthogonal plane (90-deg and 270-deg VAAs), the TSS estimates provided by all models were generally lower for all VZAs (Fig. 8) . However, in the principal scattering plane in the forward scattering direction, overestimates were observed. At high TSS concentration, the forward scattering direction presented higher estimates of TSS than the backscattering direction for both high and low TSS-adjusted models (Fig. 8) .
We observed a similar laboratory pattern of the spectral anisotropy of water using MODIS/ Terra observations obtained over the Passo Real reservoir (south of Brazil). The reservoir was spectrally dominated by variations in TSS, as reported in previous works. 43, 50 Angular and directional effects on the TSS-bearing waters were highlighted after plotting MODIS surface reflectance data from 13 consecutive dates (Fig. 9) . The reservoir was sensed by MODIS at one nadir view and six off-nadir views in each direction (backscattering and forward scattering directions) [ Fig. 9(a) ]. In agreement with the laboratory observations, results showed more anisotropic waters for VZA greater than AE30 deg from nadir [ Fig. 9(b) ]. This value represented a threshold to avoid directional and angular effects to estimate TSS using empirical models based on the reflectance of single bands.
In agreement with the results of Fig. 8 , when data acquired in VZA larger than AE30 deg were used to estimate TSS from single-band models, an overestimation of this constituent was achieved. By filtering the data up to AE30 deg VZA, the directional and angular effects were reduced over the estimates.
Conclusions
In the laboratory, our findings showed that the spectral reflectance of the waters and their derived TSS estimates were affected by view angle and view direction. SZA had a small variation in our experiment (5.98 deg). A decreasing anisotropy (ANIF) of the water was observed with increasing amounts of TSSs. The best wavelength to estimate TSSs was 625 nm for most VZAs and VAAs. Considering MODIS-simulated data, the orthogonal plane VAA seemed more adequate for such purpose. The lowest correlations between reflectance and TSS were obtained at extreme viewing in the specular direction (VAA of 180 deg and nearby). When using MODIS-simulated data, TSS underestimates were observed close to the orthogonal plane (90-deg and 270-deg VAA) for all VZAs. In contrast, TSS overestimates were noted in the principal scattering plane in the forward scattering direction.
The pattern of water spectral anisotropy observed in the laboratory was confirmed by original MODIS data acquired over the Passo Real reservoir in Brazil, having high TSS concentrations. In agreement with the laboratory observations, more anisotropic waters were observed for VZA greater than AE30 deg from nadir. Close to the orthogonal plane (VAA of 90 deg), a lesser degree of variation in the spectral shape was observed, except for extreme viewing at 60-deg VZA. The results highlighted the need of further studies to evaluate correction of MODIS data for bidirectional effects when using empirical models based on the reflectance of a single band to estimate TSS. Furthermore, such effects can be likely reduced when using band ratios or composite reflectance products to compensate for significant differences in MODIS viewing geometry during data acquisition.
